Autophagy is a catabolic process by which cytoplasmic components are sequestered and transported by autophagosomes to lysosomes for degradation, enabling recycling of these components and providing cells with amino acids during starvation. It is a highly regulated process and its deregulation contributes to multiple diseases. Despite its importance in cell homeostasis, autophagy is not fully understood. To find new proteins that modulate starvation-induced autophagy, we performed a genome-wide siRNA screen in a stable human cell line expressing GFP-LC3, the marker-protein for autophagosomes. Using stringent validation criteria, our screen identified nine novel autophagy regulators. Among the hits required for autophagosome formation are SCOC (short coiled-coil protein), a Golgi protein, which interacts with fasciculation and elongation protein zeta 1 (FEZ1), an ULK1-binding protein. SCOC forms a starvation-sensitive trimeric complex with UVRAG (UV radiation resistance associated gene) and FEZ1 and may regulate ULK1 and Beclin 1 complex activities. A second candidate WAC is required for starvation-induced autophagy but also acts as a potential negative regulator of the ubiquitin-proteasome system. The identification of these novel regulatory proteins with diverse functions in autophagy contributes towards a fuller understanding of autophagosome formation.
Introduction
Macroautophagy (here autophagy) is an essential, conserved degradative pathway that has a role in cell homeostasis in normal conditions, eliminating damaged organelles or misfolded proteins. Autophagy-deficient mice die immediately after birth (Kuma et al, 2004) , and defects in autophagy have been linked to multiple diseases including neurodegenerative disorders such as Huntington's disease, cancer and immune diseases . Autophagy is also induced in response to amino-acid deprivation or external stress, recycling macromolecules and restoring metabolic functions (Kuma and Mizushima, 2010) . Decreased amino acids in the cytosol causes inactivation of mTOR (mammalian target of rapamycin), a major regulator of cell growth, and induces autophagy (Jung et al, 2010) .
Many essential mammalian autophagy (Atg) proteins, most originally discovered in yeast, have been identified, leading to our current basic understanding of the process (Mizushima et al, 2011) . A double bi-layered membrane, the isolation membrane or phagophore, encloses cytoplasmic macromolecules and organelles, forming an autophagosome. Autophagosome content degradation occurs upon fusion with the lysosome, releasing amino acids and macromolecules. The molecular basis for the initiation of autophagy is the activation of ULK1 (UNC-51-like) kinase after its dissociation from mTOR complex 1 (mTORC1) , and recruitment of the Beclin 1 phosphatidylinositol 3-kinase complex (Vps34, p150, Beclin 1 and Atg14) to the nascent phagophore (Simonsen and Tooze, 2009) . Further expansion of the phagophore requires two Ubiquitin-like (UBL) conjugation reactions; one produces an Atg12-5-16 conjugate complex through the activity of the E1-and E2-like enzymes Atg7 and Atg10. The other produces MAP1LC3B (here referred to as LC3) covalently attached to phosphatidylethanolamine, mediated by the E1-and E2-like enzymes Atg7 and Atg3 after C-terminal processing by Atg4. Another key player in autophagy is mammalian Atg9 (mAtg9), which is proposed to shuttle membrane to the autophagosome (Webber and Tooze, 2010b) and is regulated by the p38a MAPK signalling pathway (Webber and Tooze, 2010a) .
Many aspects of initiation, formation and expansion of phagophores and autophagosomes, as well as the regulation of the autophagic process in particular in response to aminoacid starvation remain poorly understood (Kuma and Mizushima, 2010; Yang and Klionsky, 2010) . Large-scale siRNA screens represent one approach to identify proteins whose functions may provide additional insight. ULK1 was identified in an siRNA screen using a kinome library (Chan et al, 2007) . Recently, modulators of basal autophagy in a neuroblastoma cell line were uncovered in an siRNA genome screen (Lipinski et al, 2010) . We developed our previous screen strategy using amino-acid starvation-dependent formation of GFP-LC3-positive autophagosomes (Chan et al, 2007) to a genome-wide screen and we discovered nine novel proteins that regulate starvation-induced autophagy. Of these, we validated and characterised two positive regulators of autophagy, SCOC (short coiled-coil protein, also called SCOCO) and WAC (WW domain containing adaptor with coiled-coil). In depth analysis of SCOC, a Golgi protein, reveals it is required for formation of an ULK1 complex containing FEZ1 (fasciculation and elongation protein zeta 1).
Furthermore, SCOC forms a complex with UVRAG (UV radiation resistance associated gene), which is associated with the Beclin 1 complex, and FEZ1; SCOC shows a starvation-sensitive interaction with UVRAG that is stabilised by overexpression of FEZ1. In fact, further analysis reveals that FEZ1 and SCOC form a trimeric complex with UVRAG. Analysis of the function of WAC supports the notion that while required for autophagy, WAC may also be regulating
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Full medium (FM) Starvation medium (EL) Figure 1 Genome-wide screen for starvation-induced autophagy. (A) Cellomics images (top) of GFP-LC3-HEK cells in full medium (FM) or after 2 h in starvation medium (ES) with leupeptin (EL). Scale bars ¼ 40 mm. Optimised automated analysis (bottom left) programme detecting hoechst-labelled nuclei (purple line), cell outline (red line) and identifies GFP-LC3 spots (red spots) in FM and EL. Enlarged GFP-LC3 images in FM and EL (bottom right). Scale bars ¼ 10 mm. (B) SCPO, STIPO and STAPO after indicated siRNA treatment of GFP-LC3-HEK cells incubated as in (A). Error bars represent s.e.m. Significance was determined using a two-tailed paired t-test compared with RISCfree (RF) in EL: SCPO siULK1, ***P ¼ 0.0002; siATG7, **P ¼ 0.0078; siNRBP2, **P ¼ 0.0088. STIPO siULK1, ***Po0.0001; siATG7, **P ¼ 0.0060; siNRBP2, **P ¼ 0.0041. STAPO siULK1, ***Po0.0001; siATG7, **P ¼ 0.0037; siNRBP2, **P ¼ 0.0028. The experiments were performed: RISCfree (n ¼ 5), siULK1 (n ¼ 5), siATG7 (n ¼ 3), siNRBP2 (n ¼ 3). (C) Overview of screening strategy. (D) Scatter plot of median SCPO Z-scores from siRNA pools in the primary screen that met the minimum object count (OC) cutoff. Dashed lines represent approximate cutoff for 500 best increasers and decreasers. RP of known autophagy genes (ATG4C, ATG14, RB1CC1, ATG9A, ATG7) are given in Supplementary Table S2; AMBRA1 (FLJ20294) , TBC1D25 (OATL1) and SH3GLB1 (BIF-1) in Supplementary Table S1 ; LAMTOR2 has a RP ¼ 708.7 and RUBICON has a RP ¼ 1126.
proteasomal degradation. Our genome-wide screen has revealed key roles for two novel proteins in starvation-induced autophagy.
Results
Genome-wide siRNA screen identified 51 genes modulating starvation-induced autophagy We previously used siRNA knockdown in a human HEK293 cell line stably expressing EGFP-tagged rat LC3B (hereafter GFP-LC3-HEK cells) to identify ULK1 as a key regulator of autophagy (Chan et al, 2007) . We developed this platform further by quantitative analysis of the GFP-LC3 spots formed when autophagy is induced by culturing the cells in medium devoid of amino acids and including the lysosomal protease inhibitor leupeptin ( Figure 1A ). The addition of leupeptin allows us to distinguish the effects on autophagy initiation versus autophagosomal maturation ; we chose to use it rather than for example bafilomycin A1, which inhibits the vacuolar-type H þ -ATPase found in endo-SCPO  STIPO  STAPO   PAFAH1B2   STAT2  KIF25  RASGRF2  MYBPC3  CNOT1  ADHFE1  RBM12  HOXB3  RASIP1  TLK2  DNAJA3  AATK  WDR6  ASPHD2  TCL1B  UNC80  MFAP5  KLK12  SLC35C1  KLRG1  LRRN4  NUP160  C10orf116  ZSWIM6  C7orf58  SNX20  FBXL14  ARPP21  TRAM2  FABP4  SEL1L  C8orf33  PLXNA4  FOXO4  C1orf25   CSTB  HS3ST4  GLB1L2  CDH19  C1orf198  SOX14  NAA25  MRPS7  C9orf85  LARP1  HERC4  GHSR  SCOC  SUPT5H somes and lysosomes, as leupeptin is an effective inhibitor of lysosomal protease activity and autophagosome degradation (Chan et al, 2007) . Knockdown of known autophagy genes such as ULK1 and ATG7 decreased the three measured parameters SCPO (spot count per object), STIPO (spot total intensity per object) and spot total area per object (STAPO) whereas NRBP2, formerly LOC340371 (Chan et al, 2007) increased the three parameters ( Figure 1B ). To identify novel modulators of starvation-induced autophagy, we adopted a stringent screening procedure with multiple rounds of screening and validation steps to produce a small list of very high-confidence hits ( Figure 1C ). We first screened for the effect of 21141 siRNA pools of the human genome in triplicate on GFP-LC3 spots after autophagy was induced by incubation for 2 h in starvation medium containing leupeptin.
After the cells were fixed, multiple images of GFP-LC3 spots and nuclei were collected from each well and analysed for the three parameters; the normalised scores for these parameters were then ranked and these three ranks combined to create a rank product (RP). The top 500 spot increasers and 500 spot decreasers were determined from this RP (Supplementary Table S1 ). A number of essential autophagy genes had a strong negative effect on the three spot parameters underscoring their critical nature (Supplementary Table S2 ). Knockdown of FIP200 (RB1CC1; a component of the ULK1 complex), ATG4C, ATG9A and ATG14 significantly reduced spot count ( Figure 1D ), as well as AMBRA1 (FLJ20294), which is required for starvation-induced autophagy (Fimia et al, 2007) . Other genes that are known negative regulators of autophagy increased GFP-LC3 spots after knockdown include TBC1D25 (OATL1) (Itoh et al, 2011) , SH3GLB1/ Bif-1 (Takahashi et al, 2011) , LAMTOR2 (p14) (Sancak et al, 2010) and RUBICON (KIAA00226) (Matsunaga et al, 2009; Zhong et al, 2009) .
To increase confidence in the primary screen hits, we repeated the assay on the 1000 siRNA pools and used visual curation of the images to discard any obvious miscalling or other extreme cellular phenotypes. Using this method and excluding known autophagy genes, 190 siRNA pools were scored as hits (Supplementary Table S3 ) and taken forward for deconvolution analysis in which we tested the individual component oligonucleotide duplexes that make up the siRNA pools. We required that a minimum of two out of the four individual duplexes gave a significant effect on any of the spot parameters, and applied additional criteria to hit selection. For example, if two duplexes repeated the siRNA pool phenotype but two duplexes had the opposite effect for more than one spot parameter we did not pass this gene as a hit (see Supplementary  Table S3 ). The 51 genes identified by this analysis (Figure 2A ) map to diverse biological pathways and many of them are relatively uncharacterised (Supplementary Table S4 ).
Nine new genes regulate autophagy
We characterised further the genes that had three out of four validated siRNA duplexes in at least one of the three spot parameters recorded in the deconvolution screen; these 20 are underlined in Figure 2A . For these genes we tested the ability of the two best siRNA duplexes from the deconvolution screen to decrease mRNA levels of the target gene in GFP-LC3-HEK cells (Supplementary Figures S1 and S2) in parallel with GFP-LC3 spot counting from confocal images. We validated the effects of the siRNA duplexes on autophagy in a different cell line, HeLa cells, by assaying the extent of endogenous LC3 lipidation after incubation in full growth medium, starvation medium and starvation medium plus leupeptin (Supplementary Figure S3) . These data are summarised in Figure 2B . Note for LC3-lipidation assays, we continued to use leupeptin instead of Bafilomycin A1 (BafA1) to recapitulate the screen conditions.
Loss of 11 of the 20 validated-by-deconvolution genes resulted in an increase in spots in GFP-LC3-HEK cells. This increase can result from a loss of a negative regulator, as a consequence of a stress response, or from a defect in maturation of autophagosomes. Of these increasers, seven did not pass the extended stringent validation because the siRNA did not decrease the target mRNA message levels (Supplementary Figure S1 ) or did not increase LC3 lipidation in HeLa cells (results are summarised in Figure 2B ). Four genes showed an increase in GFP-LC3 spots, an increase of endogenous LC3 lipidation and a decrease in the target mRNA: Kinesin family member 25 (KIF25) (Supplementary Figure S3A) , Ras-interacting protein 1 (RASIP1) (Supplementary Figure S3B ), tousled-like kinase (TLK2) (Supplementary Figure S3C) and WD repeat domain 6 (WDR6) (Supplementary Figure S3D) . siRNA duplexes against KIF25, RASIP1 and WDR6 also led to increased LC3 lipidation in full medium and thus are potential regulators of basal autophagy. We conclude that the four genes we validated are negative regulators but it remains to be determined how loss of these genes increases autophagy.
Loss of nine genes resulted in decreased spots in GFP-LC3-HEK cells. Four did not pass further validation because the mRNA message did not decrease (Supplementary Figure S2) or their knockdown did not inhibit LC3 lipidation (results are summarised in Figure 2B) . Two genes showed a decrease in mRNA levels with individual duplexes, a corresponding decrease in GFP-LC3 spots and a subtle decrease in lipidation of LC3 in starvation conditions in HeLa cells: platelet-activating factor acetylhydrolase 1b, catalytic subunit 2 (30 kDa) (PAFAH1B2) (Supplementary Figure S3E) and La ribonucleoprotein domain family, member 1 (LARP1) (Supplementary Figure S3F) . Three gene knockdowns were effective and had a robust effect on LC3 lipidation: SCOC (Supplementary Figure S3G) , suppressor of Ty5 homologue (Saccharomyces cerevisiae) (SUPT5H) (Supplementary Figure S3H) and WAC (Supplementary Figure S3I) .
We concluded that these three proteins are required for starvation-induced autophagy and then tested if they were also required for GFP-LC3 spot formation stimulated by other known autophagy inducers. Indeed, GFP-LC3 STIPO was strongly inhibited after knockdown of SCOC ( Figure 2C ), SUPT5H ( Figure 2D ) and WAC ( Figure 2E ) after induction of autophagy with Torin1 (Thoreen et al, 2009) , Resveratrol (Scarlatti et al, 2008; Trincheri et al, 2008) and LiCl (Sarkar et al, 2005) . We chose to study SCOC and WAC since existing literature suggested they would provide new insight into the process of autophagy. Our choice of SCOC and WAC was reinforced by the subsequent detection of both proteins in the autophagy interaction network (AIN) (Behrends et al, 2010) .
SCOC interacts with FEZ1 to regulate autophagy SCOC, a small protein with at least five isoforms, is widely expressed in human tissues and reported to localise to the Golgi (Van Valkenburgh et al, 2001) . The five isoforms contain the conserved coil-coil domain but different N-terminal domains arising from alternative splicing. We obtained a truncated form of SCOC Q9UIL1-2 (isoform 3) tagged with myc (Van Valkenburgh et al, 2001 ) and subcloned SCOC isoform Q9UIL1-3 (isoform 5) with either FLAG or EGFP at the N-or C-terminal ( Figure 3A) . Human SCOC and its yeast homologue Slo1 have been shown to interact with ARL1 S-labelled Myc-control (left) and GST or GST-SCOC (asterisk in bottom panel). Bound proteins were detected by autoradiography following SDS-PAGE (top), protein loading by coomassie blue (bottom). (E) The FEZ1-SCOC interaction requires the evolutionary conserved residues L254 and L260 in the coiled-coil domain of FEZ1 as demonstrated in GST-pulldown assays with in vitro translated 35 S-labelled WT or mutant Myc-FEZ1 and GST or GST-SCOC. Autoradiographs of 10% input and bound proteins (top panels) and Coomassie blue-stained gels of bead-bound GST and GST-SCOC proteins used (bottom panels). (Van Valkenburgh et al, 2001 ) and Arl3p (Panic et al, 2003) , respectively, suggesting a function in Golgi transport. UNC-69, the orthologue of SCOC in Caenorhabditis elegans, controls axon extension through its interaction with UNC-76, a kinesin heavy chain adaptor and the orthologue of mammalian FEZ1 (Su et al, 2006) and in a yeast-two-hybrid screen FEZ1 was shown to bind SCOC (Assmann et al, 2006) . In HEK293 cells, we could confirm that SCOC colocalises with TGN46, a transGolgi network protein (Ponnambalam et al, 1996) , and mAtg9, a transmembrane autophagy protein found in the Golgi and endosomes (Figure 3B ). In starved HEK293 cells, we observed a partial colocalisation of SCOC with endogenous LC3 and in GFP-LC3-HEK cells with GFP-LC3 ( Figure 3C) .
A single siRNA duplex targeting all isoforms was used to knockdown SCOC in HEK293 cells, resulting in reduced endogenous LC3 lipidation and flux using leupeptin ( Figure 4A ) and no significant degradation of p62 ( Figure 4B ; Supplementary Figure S5 ). p62/SQSTM1 is an LC3-and ubiquitinbinding protein that is selectively degraded by autophagy (Pankiv et al, 2007) and p62 levels are used as a read-out for autophagy. BafA1 was used for a more potent inhibition of lysosomal degradation. As the available SCOC antibody detects the endogenous protein by indirect immunofluorescence but not by western blotting (Van Valkenburgh et al, 2001) , SCOC depletion was shown by detection of overexpressed GFP-and myc-tagged SCOC constructs whose levels were reduced after SCOC siRNA treatment ( Figure 4C ). In line with the requirement of SCOC for autophagy, overexpression of SCOC-myc in HEK293 cells increased LC3 lipidation under starvation conditions ( Figure 4D) .
To explore the function of SCOC, we investigated the role of the mammalian homologue of the reported SCOC-interactor FEZ1 in autophagy. Using indirect immunofluorescence, we saw colocalisation of a small percentage of endogenous SCOC and endogenous FEZ1 ( Figure 4E ). In our primary screen, knockdown of FEZ1 modestly increased the three parameters used to measure autophagosomes and we observed that knockdown of FEZ1 increased LC3 lipidation in HEK293 cells ( Figure 5A ; Supplementary Figure S6A) . Conversely, overexpression of FEZ1 decreased LC3 lipidation ( Figure 5B ; Supplementary Figure S6B ). The effect of loss of FEZ1 on p62 was more complex: the levels of p62 were slightly increased after knockdown of FEZ1 ( Figure 5A ; Supplementary Figure  S5 ) but p62 degradation was similar, although not as efficient, as the RISCfree control. However, overexpression of FEZ1 caused an accumulation of p62 in FM as well as an inhibition of p62 degradation in starvation ( Figure 5B ) in agreement with the inhibition of autophagy using LC3-lipidation assays.
To test if SCOC and FEZ1 interact, we co-expressed SCOCmyc and FEZ1-GFP in HEK293 cells and as shown by immunoprecipitation of FEZ1-GFP were able to co-immunoprecipitate the two proteins ( Figure 5C ). FLAG-SCOC was similarly able to immunoprecipitate Myc-FEZ1 ( Figure 5C ). Note that the C-terminal coiled-coil domain present in the two SCOC isoforms ( Figure 3A) is sufficient for FEZ1-GFP co-immunoprecipitation. SCOC and FEZ1 also interacted in a GST-pulldown assay using GST-SCOC (isoform 5) and in vitro translated Myc-FEZ1 ( Figure 5D ). We mapped the SCOC-interacting region of FEZ1 and found that binding requires the conserved residues L254 and L260 in the FEZ1 coiled-coil domain ( Figure 5E ) as reported for UNC-69 and UNC-76 (Su et al, 2006) .
Interestingly, Drosophila melanogaster UNC-76 binds to and is regulated by UNC-51, the orthologue of mammalian ULK1 (Toda et al, 2008) . We confirmed the interaction of the human proteins using GST-FEZ1 and either full length or pieces of GFP-ULK1. Unlike C. elegans in which the C-terminal domain of UNC-51 bound UNC-76, we found the N-terminal kinase domain and the middle spacer domain of ULK1 interact with FEZ1 ( Figure 6A ). Endogenous ULK1 could also immunoprecipitate endogenous FEZ1 ( Figure 6B) . We confirmed the interaction using co-immunoprecipitation and found that the interaction between FEZ1-GFP and Myc-ULK1 was not amino acid sensitive ( Figure 6C ). The mutations L254P/L260P in FEZ1 that abolish SCOC binding do not affect the interaction of FEZ1 with ULK1 (Supplementary Figure S7A) . To investigate further the SCOC-FEZ1-ULK1 interactions, we used non-denaturing Blue-native-PAGE (BN-PAGE), which allows detection of protein complexes. FLAG-tagged SCOC was not detectable on western blots of lysates analysed by BN-PAGE when transfected alone although it was detected in SDS-PAGE denaturing gels ( Figure 6D ). Upon co-transfection of FEZ1-GFP with FLAG-SCOC, a complex was detected at a molecular weight of B300 kDa that contained both FEZ1-GFP and FLAG-SCOC, most likely associated in a 2:2 stoichiometric complex. FEZ1-GFP migrated at a molecular weight of about 200 kDa, which may correspond to a dimer (Assmann et al, 2006 ) and also as a higher molecular weight species. To test if the FEZ1-SCOC complex is regulated by ULK1, we co-expressed Myc-ULK1 wild type and kinase-inactive Myc-ULK1. While ULK1 wild type did not affect the complex, expression of kinase-inactive Myc-ULK1 increased its mobility ( Figure 6D ). As the migration of both proteins on denaturing gels appears to be influenced by the kinase-inactive ULK1 ( Figure 6D , lower gel), we asked whether SCOC bound directly to ULK1. Recombinant GST-SCOC did not bind to ULK1 (Supplementary Figure S7B) although we cannot exclude low-affinity, transient interactions in vivo. The interaction between FLAG-SCOC and FEZ1-GFP was not sensitive to siRNA depletion of ULK1 ( Figure 6E) . However, the complexes formed by FEZ1-GFP and endogenous ULK1 that are detected at a molecular weight of B200 and 1200 kDa in BN-PAGE were sensitive to siRNA depletion of Figure 6 SCOC regulates FEZ1's interaction with the ULK1 complex. (A) FEZ1 interacts with both the kinase domain (1-278) and the prolineserine rich spacer of ULK1 (279-828). GFP-or Myc-tagged ULK1 fragments were in vitro translated with 35 S-methionine and subjected to GST-pulldown assays using GST and GST-FEZ1 purified from E. coli (bottom). Bound proteins were detected by autoradiography following SDS-PAGE (top). (B) ULK1 interacts with FEZ1. ULK1 was immunoprecipitated from HEK293 lysates with anti-ULK1 and bound ULK1 and FEZ1 were detected with anti-ULK1 and anti-FEZ1 antibodies. Input lysate (Inp). (C) The FEZ1-GFP and Myc-ULK1 interaction is unaffected by amino-acid starvation. Anti-Myc and -GFP blots after HEK293 cells were co-transfected with FEZ1-GFP and Myc-ULK1, incubated in FM or ES for 2 h, harvested and the complex was immunoprecipitated using anti-GFP antibody. (D) BN-PAGE reveals SCOC and FEZ1 are in a complex. FEZ1-GFP, FLAG-SCOC and Myc-ULK1 wild type or kinase-inactive ULK1 K46I (ULK1KI) were co-expressed in HEK293 cells. Anti-GFP, -FLAG and -Myc western blots are shown for the BN-PAGE gel (top) or the SDS-PAGE gel (bottom). In GFP and FLAG western blots, two different exposures of the same BN-PAGE blot are shown spliced together. (E) siRNA depletion of ULK1 does not affect the interaction of FEZ1 with SCOC. RF or ULK1 siRNA-treated cells were co-transfected with FEZ1-GFP and FLAG-SCOC, then incubated and immunoprecipitated as in (C). Western blot of lysates for ULK1, GFP and FLAG, and immunoprecipitates with GFP and FLAG antibodies. SCOC and as expected, depletion of ULK1 ( Figure 6F ). Further support for the regulation of the FEZ1-ULK1 complex by SCOC could be shown in competition assays with MBP-FEZ1 and Myc-ULK1 ( Figure 6G ): addition of increasing amounts of GFP-SCOC decreased the amount of 35 S-labelled Myc-ULK1 bound to MBP-FEZ1.
Amino-acid starvation sensitive interaction of SCOC and UVRAG is modulated by FEZ1
The interaction of SCOC with two proteins in the Beclin 1 AIN subnetwork, NRBF2 (nuclear receptor binding factor 2) and UVRAG (Behrends et al, 2010) , suggested that SCOC may also function through the Beclin 1-autophagy complexes.
To validate these interactions, we performed co-immunoprecipitation with FLAG-SCOC and Myc-NRBF2 or Myc-UVRAG. We efficiently co-precipitated Myc-NRBF2 with FLAG-SCOC but no FLAG-SCOC was co-immunoprecipitated with Myc-NRBF2 (Supplementary Figure S4B) . We also validated the FLAG-SCOC and Myc-UVRAG interaction with reciprocal co-immunoprecipitations ( Figure 7A ).
We next investigated what effect Myc-UVRAG had on the interaction of SCOC and FEZ1: FLAG-SCOC was able to interact with both Myc-UVRAG and FEZ1-GFP and all three proteins could be detected in a complex. The presence of FEZ1-GFP or Myc-UVRAG had no effect on either's ability to co-immunoprecipitate with FLAG-SCOC or FEZ1-GFP, respectively ( Figure 7B ). Given that UVRAG has been implicated in autophagy (Liang et al, 2006; Itakura et al, 2008) , we asked if any of these interactions were affected by aminoacid starvation. Amino-acid depletion for 2 h significantly reduced the interaction between Myc-UVRAG and FLAG-SCOC ( Figure 7C ). While the interaction between FLAG-SCOC and FEZ1-GFP was not affected by starvation, the presence of FEZ1 inhibited the starvation-dependent dissociation and stabilised the complex. To validate the interaction of SCOC and UVRAG, we asked if we could detect endogenous UVRAG with FLAG-SCOC ( Figure 7D ). We were unable to detect UVRAG after immunoprecipitation of FLAG-SCOC; however, when FEZ1-GFP was present, we could detect a co-immunoprecipitation of FLAG-SCOC and UVRAG. In fact, GFP-FEZ1 was able to interact alone with endogenous UVRAG. In vitro pulldown experiments however demonstrated that both GST-SCOC and GST-FEZ1 were able to bind in vitro translated 35 S-labelled Myc-UVRAG ( Figure 7E ). In addition, endogenous FEZ1 and endogenous UVRAG partially colocalise by indirect immunofluorescence ( Figure 7F ).
WAC is required for autophagy
Our second robust positive regulator of autophagy is WAC, which contains a conserved coiled-coil and WW domain and was first described to be a nuclear protein (Xu and Arnaout, 2002) . It has also been shown by yeast-two-hybrid analysis to bind UBQLN4 (Lim et al, 2006) , a UBQ-UBA-containing protein (Li et al, 2008) . UBQLN4 is a member of the Ubiquilin family of which UBQLN1/Plic-1 is required for autophagy (N'Diaye et al, 2009) and its levels are regulated by chaperone-mediated autophagy (Rothenberg et al, 2010) . In addition, a yeast-two-hybrid screen found an interaction between huntingtin (Htt) protein and WAC (Kaltenbach et al, 2007) and two microarray analyses of Huntington's disease patients showed WAC is upregulated in the symptomatic stages of the disease (Borovecki et al, 2005; Hodges et al, 2006) . Recently, it has been described to partner with RNF20/ 40, which mediates histone H2B ubiquitination (Zhang and Yu, 2011) . Furthermore, WAC associates with another protein VCIP135 to modulate its deubiquitinating activity (Totsukawa et al, 2011) . These diverse roles of WAC have a common theme of regulating ubiquitin-dependent pathways.
We raised an antibody against an N-terminal peptide of WAC that detects two endogenous isoforms of 81 and 72 kDa ( Figure 8A ). Western blotting of endogenous WAC in HEK293 cells revealed that all four siRNA duplexes reduce the protein and this reduction correlates with a reduction of WAC mRNA levels and GFP-LC3 spots in the deconvolution screen (Supplementary Table S3 ). WAC siRNA duplex-03 significantly reduces LC3 lipidation in HEK293 cells ( Figure 8B ). As expected after starvation of GFP-LC3-HEK cells, we see a marked reduction in p62 levels, which is inhibited by WAC siRNA. Basal levels of p62 are also higher after WAC knockdown ( Figure 8C) .
These results and our data in GFP-LC3-HEK cells ( Figure 2E ) and HeLa cells (Supplementary Figure S3I ) demonstrated that WAC is required for GFP-LC3 spot formation, LC3 lipidation and p62 degradation during starvationinduced autophagy. However, based on reported interactions with UBQLN4 and Htt, we hypothesised that WAC may be also involved in autophagy of ubiquitinated proteins. Thus, we examined two substrates for the proteasome, p62 and Ub G76V -GFP, of which p62 is also an autophagic cargo (Menéndez-Benito et al, 2005; Pankiv et al, 2007) . Accumulation of p62 leads to inhibition of the ubiquitinproteasome system (UPS) , which can be measured by an accumulation of a proteasomal substrate Ub G76V -GFP, and we asked if WAC depletion, which causes an increase in p62 in both FM and ES, altered turnover of Ub G76V -YFP. To our surprise, WAC depletion resulted in a substantial decrease in the level of Ub G76V -YFP in full medium, which was blocked by the proteasome inhibitor MG132; there was no significant change in ES ( Figure 8D ). Thus, WAC may negatively regulate the UPS. We next examined the clearance of mutant Htt proteins using inducible stable cell lines expressing non-aggregating HttQ25-CFP and aggregating HttQ103-CFP (Yamamoto et al, 2006) . Addition of doxycycline to suppress expression leads to clearance of the soluble HttQ25 and the selective degradation of the aggregated insoluble HttQ103 in autolysosomes (Filimonenko et al, Figure 7 SCOC interacts with UVRAG and the interaction is reduced in starvation. (A) SCOC interacts with UVRAG. HEK293 cells were transfected with FLAG-SCOC and Myc-UVRAG, lysed and incubated with anti-FLAG (left) or anti-Myc (right) antibodies. Co-immunoprecipitation of Myc-UVRAG (left) and FLAG-SCOC (right) was confirmed using anti-Myc and anti-FLAG antibodies for western blotting. Asterisk in (A-C) and (D) indicates non-specific bands. (B) Interaction of SCOC with UVRAG is unaffected by FEZ1-GFP. As in (A), co-immunoprecipitation was preformed in HEK293 cells transfected with FLAG-SCOC, Myc-UVRAG and FEZ1-GFP. Myc-UVRAG was detected as in (A), FEZ1-GFP was detected with anti-GFP antibody. (C) The SCOC and UVRAG interaction is reduced by starvation, and this reduction is inhibited by FEZ1-GFP. HEK293 cells were transfected as in (B) and 24 h later either treated with FM or ES for 2 h. FLAG-SCOC or Myc-UVRAG was immunoprecipitated with anti-FLAG or anti-Myc antibodies and the bound proteins were detected with anti-Myc, -GFP or -FLAG antibodies by western blotting. Quantification of the amount of FLAG-SCOC co-immunoprecipitated with Myc-UVRAG in FM or ES, without overexpressed FEZ1-GFP (left) or with overexpressed FEZ1-GFP (right). Significance was determined using a two-tailed paired t-test (n ¼ 3). (D) FEZ1 interacts directly with endogenous UVRAG and is required for SCOC interaction. HEK293 cells were transfected with FEZ1-GFP, GFP or FLAG-SCOC alone or in combination. Top panel input, bottom panel immunoprecipitation with anti-GFP or anti-FLAG. Western blot for endogenous UVRAG, GFP-FEZ1 GFP or FLAG-SCOC as indicated. Arrowhead: endogenous UVRAG. (E) UVRAG can interact with both FEZ1 and SCOC in vitro. GST, GST-FEZ1 or GST-SCOC were immobilised and incubated with 2010). After WAC depletion, the levels of both HttQ25-CFP and the soluble fraction of HttQ103-CFP were decreased ( Figure 8E ) and this decrease was independent of doxycycline-mediated suppression of expression. While we have not investigated if WAC is required for autophagy of ubiquitinated proteins, our results suggest that WAC is required for autophagy, but also functions to negatively regulate the activity of the proteasome towards soluble substrates such as Ub G76V -YFP and HttQ25-CFP.
Discussion
To identify novel autophagy regulators by a genome-wide siRNA screen, we relied on a cell model system that provides a robust read-out for autophagy: the quantifiable starvationdependent formation of GFP-LC3-labelled autophagosomes. Our hit-selection strategy to identify both negative and positive regulators of starvation-induced autophagy was based on several rounds of screening (primary, secondary and deconvolution) using both automated counting and visual clarification and the use of multiple assays (GFP-LC3 spots, LC3
lipidation, qRT-PCR) in two cell lines, coupled with the elimination of candidates that did not satisfy strict criteria. In this way we have identified four proteins that are potential negative regulators and five positive regulators of starvationinduced autophagy, two of which we have investigated further. Three (SUPT5H, KIF25, WDR6) of the nine validated hits that remain to be characterised are classified as 'druggable' targets and thus potentially tractable therapeutic targets. In addition, relaxation of some of the thresholds in the deconvolution screen or further study of the hits with two out of four deconvoluted siRNA duplexes could well reveal more candidate genes in our data set.
Our screen results and candidate selection are supported by the identification of four (SCOC, WAC, SUPT5H and LARP1) (Supplementary Figure S4) out of the nine further validated hits independently in the AIN (Behrends et al, 2010) . The AIN is based on a proteomic screen revealing 751 interactions between 409 candidate autophagy or autophagy-interacting proteins and identified 10 functional protein subnetworks involved in autophagy. Although not classified as high-confidence interacting candidates, SCOC was identified as interacting with UVRAG and NRBF2, members of the Beclin 1 subnetwork, while WAC was identified using Beclin 1 as bait (Behrends et al, 2010; Supplementary Table S3) . We have validated the interaction of WAC with Beclin 1 by coimmunoprecipitation (Supplementary Figure S4) , as well as the interaction of SCOC with UVRAG and NRBF2. An additional four of the 51 deconvoluted hits (DNAJA3, C8orf33, C1orf25, CSTB) (Supplementary Figure S4) were also found in the AIN although their confidence scores were significantly less than SCOC and WAC.
We propose SCOC functions to mediate crosstalk or regulate the interaction between the ULK1 and Beclin 1 complexes in the induction of autophagy (see Figure 9 ). This regulation depends on FEZ1, which binds directly to SCOC and ULK1. ULK1 expression appears to increase the size of the SCOC-FEZ1 complex on native gels and slightly decrease the mobility of both SCOC and FEZ1 on denaturing gels suggesting both may be targets of ULK1 or ULK1-regulated kinases (although SCOC does not directly interact with ULK1). Intriguingly, SCOC and FEZ1 both interact with UVRAG, a stable component of a Beclin 1 complex required for autophagy. Importantly, the interaction between SCOC and UVRAG is starvation sensitive and regulated by FEZ1. Our data suggest that during amino-acid starvation SCOC promotes autophagy. We speculate that this is through stabilisation of the ULK1-FEZ1-SCOC complex, concurrent with dissociation from UVRAG. FEZ1 appears to be a negative regulator of LC3 lipidation and when overexpressed, inhibits p62 degradation possibly through sequestration of ULK1. While the role of FEZ1 in the regulation of autophagy requires further investigation, we have provided evidence that the SCOC-FEZ1 complex is a likely target for ULK1 and that SCOC and FEZ1 associate with UVRAG to regulate autophagy.
The coiled-coil domain of SCOC is likely to be the functional region of the molecule, being responsible for both regulation of autophagy and binding to FEZ1. As SCOC was originally discovered to interact with ARL1 (Van Valkenburgh et al, 2001 ) and shown to be on Golgi membranes (where it colocalises with mAtg9), we speculate that SCOC may function as a membrane-proximal scaffold protein. The spatial regulation of the interactions between SCOC-FEZ1 and the ULK1 complex and the Beclin 1 complex remains to be explored; however, we hypothesise that SCOC functions at the site of autophagosome formation.
Furthermore, we identified the positive regulator WAC, a protein that may communicate between cargo, the proteasome and autophagosomes and potentially plays a role in Huntington's disease. Our screen assayed events downstream of amino-acid starvation but future studies on the role of WAC in autophagy induced by aggregated or misfolded proteins are clearly a priority. While our data show that WAC is a positive regulator of starvation-induced autophagy, it also suggests that WAC is a negative regulator of the UPS. Depletion of WAC accelerated clearance of a UPS reporter Ub G76V -YFP and the soluble HttQ25-CFP protein. Importantly, WAC is reported to bind to UBQLN4, a protein that contains UBQ and UBA domains, and although this interaction remains to be verified it could serve as the mechanism to allow WAC to interact with UPS.
Our siGenome screen and the subsequent analysis of two validated candidates, SCOC and WAC, reveal their role in autophagy and suggest further additional connections between their function and autophagy with the Golgi complex, the cytoskeleton through FEZ1, and to Huntington's disease. Furthermore, our study provides a validated list of additional starvation-induced autophagy regulators and provides new avenues for further understanding of autophagy.
Materials and methods

siRNA screens
The siGENOME SMARTpool human siRNA genome library and deconvoluted siGENOME SMARTpools were from Dharmacon (Thermo Scientific). siRNA was used at a final concentration of 37.5 nM with 0.4 ml of Lipofectamine 2000 (Invitrogen) reagent and 4000 cells in a final volume of 100 ml/well in poly-D-lysine (Sigma)-coated black and clear bottom 96-well Optilux plates (Falcon). siRNA libraries were aliquoted on a Beckman FX liquid handling station and all other liquid additions performed with a Thermo/ Matrix Wellmate. The plates were incubated at 371C in 10% CO 2 for 48 h, then fresh medium was added and incubation continued for 24 h (72 h total transfection). The plates were washed twice with PBS and incubated in amino acid-free ES (Earle's Buffered Saline Solution) supplemented with leupeptin (0.25 mg/ml; Roche) (EL) for 2 h at 371C. Cells were fixed with 8% formaldehyde (Sigma) in PBS at 41C (final concentration 4% formaldehyde) and stained with DAPI (1 mg/ml) for 15 min and stored at 41C in PBS. Control siRNAs added to each plate included CONTROL RISCfree and non-targeting pool 1, ULK1, ATG13, ATG7 and LOC340371 all from Dharmacon.
Image capture and analysis
In the primary screen, a maximum of 10 images/well were captured in both DAPI and GFP channels on a Cellomics ArrayScan VTI (Thermo Scientific) using a Â 20 0.45NA lens. Images were analysed simultaneously upon acquisition using the Cellomics SpotDetector V3 Bioapplication. The GFP channel (GFP-LC3 spots) was used to set the focus with fixed illumination time and spots were defined as having the following broad characteristics: SpotArea 1.75-18, SpotShapeBFR 0.33-1.4, SpotShapeBAR 1-3, SpotAvgInten 44-888, SpotTotalInten 250-13 000, in an area 22 microns surrounding and external to the nuclear region as defined by the DAPI stain (excluding any contribution from nuclear spots) thereby restricting the analysis to perinuclear and cytoplasmic GFP-LC3 spots. Several parameters were recorded including the number of nuclei (object count; OC) from the DAPI channel, the number of GFP-LC3 spots per cell (SCPO), the total intensity of GFP-LC3 spots per cell (STIPO) and the total area covered by GFP-LC3 spots per cell (STAPO). More detailed descriptions of the algorithm parameters are available on request. In the secondary screen and deconvolution screen, 14 and 16 fields were imaged per well, respectively. The induction screen ( Figure 2C -E) was done in triplicate 96-well plates and B500 cells/well were analysed for GFP-LC3 spots.
Data analysis
We applied a filter to the raw data such that if o50 cells were counted per well, the spot data for that well did not contribute to the analysis. Raw data for the three individual parameters were normalised using the B-score method to correct for plate, row and column effects and then divided by the individual plate median absolute deviation, thus creating a Z-score (Malo et al, 2006) . Replicates were summarised by taking the median Z-score for each siRNA pool and normalised scores for the three parameters were then combined into a ranked list using the RP between parameters.
The top 500 spot increasers and top 500 spot decreasers were thereby determined. Deconvolution assay results are expressed as percent of control with respect to RISCfree control and designated a hit if they induced more than a 20% increase or decrease in spot parameters (SCPO, STIPO, STAPO).
Cell culture
HeLa, HEK293A and GFP-LC3-HEK cells and their culturing conditions have been described ). Ub (Yamamoto et al, 2006) have been described. Lipofectamine2000 or Metafectene Pro (Biontex) were used for transfection experiments according to the manufacturers' protocols. To induce autophagy, cells were cultured in ES, EL or treated with 250 nM Torin1 (N Gray, MIT), 128 mM Resveratrol (Sigma) or 10 mM LiCl (Sigma). BafA1 (Calbiochem) was used at 100 nM. siRNAs and knockdown determination for validation assays Cells were knocked down as above in 96-, 12-or 24-well plates. siRNAs are siGenome Smartpools, individual siGenome duplexes or pools of three individual siGenome duplexes and were from Dharmacon. siATG16 is an ON-TARGET plus pool (L-021033-01; Dharmacon). siFEZ1 is duplex-01 and -04 (D-013010-01, D-013010-04; Dharmacon). RNA was purified, cDNA was made and qRT-PCR was performed . QuantiTect (Qiagen Biotech) primer sets were used for detection of all genes and the b-actin control.
Western blotting
Methods and reagents to detect the Myc-tag, FLAG-tag, Actin, LC3 and GFP by western blotting have been described . Actin, LC3 and p62 blots were developed using LICOR and quantified using Metamorph software or ImageJ. WAC rabbit polyclonal antibodies were raised and affinity purified using the peptide SKSHPSSGDHRHEKMRDAG(C). Atg16 rabbit polyclonal antibodies were raised and affinity purified using the peptide SSGLRAADFPRWKRHISEQ(C). Other antibodies included: ULK1 rabbit polyclonal (sc-33182; Santa Cruz), FEZ1 goat polyclonal (ab53562; Abcam), FEZ1 purified MaxPab (H00009638-B02P; Abnova), UVRAG (ab72073; Abcam), FLAG (M2) (200472-21; Stratagene) and p62 monoclonal (610832; BD Transduction).
BN-PAGE western blotting
Methods and reagents to perform BN-PAGE western blotting have been described (Chan et al, 2009 ). Anti-GFP and -FLAG were Figure 9 The role of SCOC and FEZ1 during amino-acid starvation-induced autophagy. We show that SCOC bound to FEZ1 is in a complex with ULK1 or UVRAG. Our results suggest that the inhibition of autophagy induction by FEZ1, possibly achieved through inhibition of ULK1 kinase activity or membrane targeting, is relieved by association of SCOC with the ULK1-FEZ1 complex. Also, amino-acid starvation causes the dissociation of UVRAG from the FEZ1-SCOC complex and this may allow UVRAG to associate with the Vps34 complex and promote autophagy, most likely at later stages compared with the Vps34 complex containing Atg14 (not shown here). We hypothesise that SCOC or the SCOC-FEZ1 complex may coordinate the regulation of both the ULK1 and the Vps34 kinase complexes.
